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Peatlands consist of hundreds of gigatons of soil carbon storage. Once a peatland is drained, however, it is transformed into a carbon
source, since better aerated conditions promote the aerobic microbial decomposition of the peat soil layers. Since the aerobic depth
should depend on the balance between the capability of the peat layers to transport the O2 and the intensity of the O2 consumption by
aerobic microbes, our aim in the present study was to characterize the soil gas diffusivity (Ds/D0) and the soil water retention curves
(SWRCs) of two types of peat soils found in sub-boreal and tropical peatlands. We also numerically simulated the effects of Ds/D0 and
SWRCs on the aerobic depth into which the atmospheric O2 can penetrate in unsaturated peat layers with various groundwater table
levels. For the numerical simulations, we modiﬁed the Millington-Quirk-type Ds/D0 model, while the O2 consumptive behavior in the
peat layers was described by the Monod-type equation. The Ds/D0, as a function of the air-ﬁlled porosity, was consistently larger for
the tropical-peat samples than for the sub-boreal ones, implying that the tropical-peat samples had less tortuous pore geometry than the
sub-boreal ones. However, the features of the SWRCs indicated that the tropical-peat samples showed higher water retentivity
than the sub-boreal ones; and therefore, lowering the groundwater table would not raise the air-ﬁlled porosity of the tropical-peat
samples more than that of the sub-boreal ones. Through numerical simulations contrasting the features of the Ds/D0 and the SWRC
curves for the tropical-peat samples with those of the sub-boreal ones, unsaturated anaerobic layers were seen to form more easily in the
simulations representing the tropical-peat samples than in those representing the sub-boreal ones, suggesting high water retentivity. In
turn, the difﬁculty in aeration inhibited the gaseous diffusion in the tropical-peat soils even though the Ds/D0 values for the tropical-peat
samples were higher than those for the sub-boreal ones for a series of air-ﬁlled porosity. Furthermore, the development of unsaturated
anaerobic layers caused a ‘‘ceiling’’ for the increase in the surface CO2 emission rate associated with the fall in the groundwater table.
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Peatlands in the northern hemisphere account for possibly
455 Gt of soil carbon, corresponding to 20–30% of the world’s
total (Gorham, 1991) or 60% of the atmospheric carbon
(Oechel et al., 1993). Tropical peatlands also cover about 8%
of the world’s peatland area (FAO, 1988), and about 25% of
the world’s soil carbon is stored in them (Batjes, 1996). Under
anaerobic conditions, peat soil deposition decays very slowly
in terms of carbon storage. However, once a peatland is
drained, it is transformed into a carbon source, since the
aerobic microbial decomposition of the peat soil layers
increases under the better aerated conditions caused by the
I. Iiyama et al. / Soils and Foundations 52 (2012) 49–5850drainage. Indeed, a larger release of carbon from the peatland
surfaces appeared when the groundwater table dropped (e.g.,
Furukawa et al., 2005). This shift from being an area of
storage to being a source of soil CO2 has attracted attention in
the context of restricting the increase in atmospheric carbon.
On the contrary, several studies support the evidence
that peat soil layers do not uniformly degrade in depth
across unsaturated layers (e.g., Schothorst, 1977). Several
pieces of surface CO2 emission data have also showed that
the release of carbon does not necessarily increase pro-
portionally to the depth of the groundwater table and, in
some cases, it even reaches a ceiling against the lowering of
the groundwater table (e.g., Hirano et al., 2009; Page et al.
2009). In addition, the estimation of a proﬁle of an annual
CO2 production rate showed that carbon emission from a
peatland surface can be attributable mostly to the surface
soil (Morimoto et al., 2009). These studies imply that only
a part of the drained peat layer can be attributed to the
decomposition of the soil organic matter.
One of the environmental factors that deﬁne aerobic
microbial activities in a soil layer is the aerobic depth into
which the atmospheric O2 can penetrate. And the aerobic
depth should depend on the balance between the capability of
the peat layer to transport the O2 and the intensity of the O2
consumption by aerobic microbes. Iiyama and Osawa (2010)
monitored the depth proﬁle of the O2 concentration in a
drained tropical peatland and reported that anaerobic condi-
tions occurred even above the groundwater table. If it were not
for the available O2 ensuring aerobic microbial activities,
‘‘aerobic’’ conditions would no longer exist even in an
unsaturated soil layer. If this hypothesis for the occurrence
of an ‘‘unsaturated anaerobic layer’’ were conﬁrmed, the
reason why the lowering of the groundwater table does not
necessarily cause a proportional increase in the release of soil
carbon into the atmosphere could be explained, and conse-
quently, more precise estimations for the rate of carbon release
and better alternatives for groundwater management in
drained peatlands could be proposed.
The O2 intake from the atmosphere into a peat soil layer
can be regulated by at least two soil physical properties,
namely, the soil gas diffusivity, which is the ratio of the soil
gas diffusion coefﬁcient (Ds) to the gas diffusion coefﬁcient
in the atmosphere (D0), and the soil water retention curve
(SWRC), which affects the degree to which the peat soil
layer would be aerated. Therefore, simulations of the soil
gas transport with changes in the two soil physical proper-
ties could clarify how the physical conditions of the soil
affect the development of the effective aerobic depth and,
in turn, help to better estimate the amount of soil carbon
released from a drained peat layer.
The aims of this study are to exemplify the Ds/D0
curves and the SWRCs of peat soils, sampled from sub-
boreal and tropical peatlands, and to quantify the effects of
the observed differences in the Ds/D0 curves and the SWRCs
on the depth proﬁles of the O2 concentration, especially
in regards to how deeply the aerobic-depth can penetrate,
in unsaturated peat layers. The effect of lowering thegroundwater table on the rate of carbon release from peat
layers is also discussed based on the proposed simulations.
2. Materials and methods
2.1. Sampling sites of the peat soils
Peat soils were sampled from two sites, namely, site-B and
site-T. Site-B was the Bibai mire (431190N, 1411480E) in
Hokkaido, Japan. This mire of 50 ha was originally an
ombrotrophic bog; it has been conserved by the National
Agricultural Research Center (NARC) for the Hokkaido
Region. The area surrounding the mire has been drained for
use as crop ﬁelds for half a century; and thus, the
mire is fringed by drainage ditches that have lowered the
groundwater table. The long-term lowering of the ground-
water table has promoted subsidence in the peripherals of the
mire, and the sloped land-surface prevents snow meltwater
from recharging the groundwater. In the drained peripheral
area of the mire, we located a sampling point 20 m away
from the western extremity of the mire. The soil proﬁle of
site-B was comprised of (1) bamboo roots and decomposed
peat with almost no clear evidence of dead plant bodies (0 to
10 cm in depth), (2) black peat mixed with volcanic ash (10 to
20 cm in depth), and (3) high-moor peat (Carex middendorffii
and Myrica gale Linn., more than 20 cm in depth).
Site-T was an oil palm ﬁeld (081000N, 100104’E) in
Nakhon Si Thammarat, Thailand. Farmers there have
run palm oil plantations for 2 years. Open ditches have
been dug in parallel, every 14 m, resulting in the seasonal
ﬂuctuation of the groundwater level ranging from surface-
ponding in the rainy season to about 100 cm in depth in
the dry season. The soil proﬁle for site-T consisted of
wooden peat layers sandwiching a clay layer. The top
wooden peat layer had various thicknesses ranging from 10
to 25 cm. The clay layer underlayed the top peat layer and
continued to a depth of 65 cm, and overlayed the second
peat layer with a thickness of 65 cm or more.
The physical properties of the soil at both sites-B and -T,
based on disturbed peat samples, are given on Table 1. The
surface layers at site-B, within a depth of 20 cm, consisted
mainly of decomposed, paste-like peat soils, while the sub-
surface layers, at depths greater than 20 cm, were made of
rather pristine peat deposits. To measure the Ds/D0 curves and
the SWRCs, undisturbed cores of 50 cm3 were sampled. There
were 10 replicates of the cores for site-T, 12 for the surface
layers of site-B, and 10 for the sub-surface layers of site-B.
2.2. Measurement of the soil gas diffusivity with the soil
water retention curves
To regulate the air-ﬁlled porosity of the peat cores for the
determination of Ds/D0, we measured the SWRCs using
hanging water columns and a pressure plate (Dane and
Hopmans, 2002). Following the hanging water column
method, the undisturbed peat cores were saturated for 24 h
in a laboratory at a room temperature of 25þ /21C. The
Table 1
Physical properties of the peat soils sampled from the Bibai mire in
Hokkaido, Japan (site-B) and the oil-palm ﬁeld in Thailand (site-T). For
site-B, the surface layer (depth of 0 to 20 cm) represents decomposed peat
soils, while the subsequent layer represents the pristine peat soils.
Study site Bibai Thailand
Sampling depth [cm] 0–20 20–60 0–20
Soil temp. [K] 282.4a 301.3b
Bulk density [Mg m3] 0.111 (0.080)c 0.097 (0.029) 0.241 (0.044)
Particle density [Mg m3] 1.744 (0.161) 1.587 (0.171) 1.807 (0.051)
Solid phase [m3 m3] 0.064 0.061 0.134
Reps. 14 37 10
aannual mean in 2003.
bmean for ﬁve days in Aug. 2009.
cbrackets denote standard deviation.
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approximately þ /0.4%, since the temperature range
observed in the laboratory caused a ﬂuctuation in the surface
tension of the water. Then, the samples were drained by
lowering the matric potential one after another from 1.25 to
100 cmH2O. For the matric potential from 100 cmH2O to
1000 cmH2O, the pressure plate method was applied to
obtain the moisture equilibrium of the samples. At each stage
of moisture equilibrium, we weighed the samples to identify
the volumetric water content and the air-ﬁlled porosity.
The Ds/D0 value of the moisture-controlled sample was
determined by using N2-air binary diffusion with the single-
chamber method proposed and developed by Taylor (1949),
Currie (1960) and Osozawa (1987). The chamber initially ﬁlled
with N2 was attached to a soil sample, and the rise in the O2
concentration inside of the chamber was measured with a
Galvanic cell sensor (O2-204G; Gastec Corp., Ayase City,
Japan) during the N2-air binary diffusion through the sample.
Iiyama and Hasegawa (2005) reported a more detailed
description of the equipment and the analysis for determining
the Ds/D0 value from the breakthrough curve of the O2.
2.3. Models of the Ds/D0 curves and the SWRCs of the
peat soils
We modeled the measured Ds/D0 curves of the peat
samples by modifying the Millington-Quirk (MQ) model
(Millington and Quirk, 1961; Millington, 1959) as follows:
Ds
D0
¼ l ðaa0Þ
n
ðaþyÞm ð1Þ
where a is the air-ﬁlled porosity, while a0 denotes the air-
ﬁlled porosity ineffective to gaseous diffusion, and thus,
Ds/D0=0 for a less than a0. We introduced parameters l,
m, and n to better reproduce the measured Ds/D0 curves.
We adopted the relationship of D0 with pressure and
temperature (Freijer and Leffelaar, 1996; Osozawa and
Hasegawa, 1995; Makita, 1988) as
D0ðp;TÞ ¼ 0:178
T
273:15
 1:75
p0
p
ð2Þwhere T is the soil temperature on the Kelvin scale
(Table 1), while p and p0 denote the air pressure levels of
the soil gas and the atmosphere, respectively. Here we
assumed the continuity of the air-ﬁlled pores through the
entire unsaturated peat layer and adopted the approxima-
tion of p¼p0. As for T, the temporal- and the spatial-mean
values on Table 1 were used.
The SWRCs were modeled as follows:
y¼ a0þa1log109hhb9 hohb1 ½cmH2O
a0 hb1rhr0 ½cmH2O
(
ð3Þ
where y and h denote the volumetric water content and the
matric potential of the soil moisture, respectively. Para-
meter a0 corresponds to the saturated volumetric water
content of a modeled SWRC and parameter a1 is the slope
of the modeled SWRC. The value of hb (o0) is another
ﬁtting parameter reﬂecting the range in h corresponding to
capillary-saturated conditions.
All the parameters for Eqs. (1), (2), and (3) were
determined after taking measurements of the Ds/D0 curves
and the SWRCs of the undisturbed peat samples.
2.4. Depth profiles of the O2 consumption rate and the O2
concentration
We derived the depth proﬁles of the O2 consumption
rate (S) and the O2 concentration (C) through the
determination of the steady state solution for the one-
dimensional transient gaseous diffusion-reaction model,
namely,
@ðaCÞ
@t
¼  @
@z
Dsða;TÞ @C
@z
 
S ð4Þ
where t denotes the time variable and z, is the vertical
distance of the upward positive. The soil surface was
identiﬁed as z=0. When deriving the steady state solution
for Eq. (4), that gives the depth proﬁles for C(z) and S(z),
satisfying @C/@t¼0 at any depth z, we assumed the
continuity and the equilibrium of the soil moisture from
the groundwater table to the soil surface, so that the depth
proﬁle for h in Eq. (3) was determined by the equilibrium
of the soil water potential at depth z, as follows:
0¼ hþzzwt ð5Þ
where zwt (o0) denotes the groundwater table level. Once
the h(z) is deﬁned by Eq. (5), the y(z) is derived by Eq. (3).
Then, a(z) is quantiﬁed as the remaining fraction of the
soil’s three phases by subtracting the y and the soil-solid-
phase (Table 1) from 1. Consequently, Ds(z) is determined
by inputting a(z) into Eq. (1).
The S(z) in Eq. (4) represents the compilation of
biochemical processes and possibly depends on (i) the
population of microbes and the amount of decomposable
materials (peat soil itself), (ii) the portion of decomposable
materials directly coming into contact with air-ﬁlled pores
that allows gaseous O2 to reach the place of aerobic
respiration, and (iii) the C(z) that reﬂects the amount of
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respiration. Thus, we modeled factor (i) by making S(z)
proportional to the soil bulk density listed on Table 1. For
quantifying factor (ii), we introduced the ratio of effective
air-ﬁlled porosity a – a0 to effective porosity yþa – a0.
Factor (iii) was analogous to a biochemical reaction in
which the consumption rate of a speciﬁc substrate is
governed by the concentration of the substrate itself.
For modeling biochemical reactions, regarded as factor
(iii), both the Michaelis-Menten concept and the Monod
concept have been generally adopted. The two concepts
have shared a similar mathematical form as follows:
d½re
dt
p
d½sub
dt
p
½sub
Kþ½sub ð6Þ
where [re], [sub], and K denote the amount of reactive
material (enzymes, microbial biomass, growing cells, etc.),
the substrate concentration, and the half-saturation con-
stant, respectively. However, the two concepts were based
on different assumptions. While the Monod equation
assumes that the amount of reactive material changes
through the progress of a reaction, the Michaelis-Menten
concept deals with a reaction in which no change, or a
negligible change, occurs in the amount of reactive mate-
rial and, instead, a substrate limiting process is to be
considered. Neill and Gignoux (2006) interpreted these two
concepts as two opposites in the range spanned by the
concentration of reactive material and substrate. Follow-
ing Neill and Gignoux (2006), we used the constant K
value across the full range of O2 concentration during each
numerical trial. Based on features (i), (ii), and (iii), we
related the O2 consumption rate with the soil physical
factors and O2 concentration as follows:
S¼ rds¼ rd
aa0
yþaa0
smax
C
KþC ð7Þ
where rd is the soil bulk density. The s, the O2 consump-
tion rate per unit mass of peat soil, was deﬁned for the
convenience of a comparison with the values in the literature,
since the same physical unit as shown on Table 2 was
commonly adopted in most of the past incubation studies.
The smax is the possible-maximum of s, which may depend on
soil temperature and moisture.
We gave the value of smax so that the magnitudes of s near
the soil surface became 2 to 5 ngO2 g
1 s1, equivalent to
0.75 to 1.88 ngC g1 s1 of the carbon release rates, whichTable 2
Aerobic carbon release rates [ngC g1 s1] found in past studies with incuba
References T[1]
Moore and Dalva (1993) 10–22
Chow et al., (2006) 10–30
Francez et al. (2000) 15
Aerts and Toet (1997) 20
Bubier et al. (1993) 21were frequently found under the incubation temperature of
around 101 in the past studies (Table 2). When we considered
the equivalence of O2 consumption and CO2 production, we
assumed that one molecule of O2 consumption was directly
compatible to one molecule of CO2 production. Then, the
same value was given to smax uniformly in depth and
consistently used in Eq. (7) for every simulation in order to
exclusively discuss the effects of the combination of the Ds/D0
curve and the SWRC on S(z) and C(z).
Numerous values for K were found in the literature for
various combinations of substrates and microbial ecosys-
tems. However, the reported K values often varied in their
orders of magnitude even under similar experimental
conditions (e.g., Kovarova-Kovar and Egli, 1998;
Alvarez et al., 1991; Jin and Bethke, 2005), and no
conclusive explanation has been available so far about
the large variation in the K values. Among these studies,
the number of studies that dealt with the K values for O2
consumptive reactions in soil microbial ecosystems is
limited. Greenwood and Goodman (1964) evaluated the
K values of 0.0640.192 mg l1 when they tried to relate
the O2 diffusion into wet aggregates to aerobic respiration
rates. Molz et al. (1986) adopted K¼0.77 mg l1 for the
dissolved O2 concentration of 5 mg l
1 to simulate the
growth-degradation processes of microbial colonies in
porous media. Strigul and Kravchenko (2006) used K¼0.1
mg l1 with the dissolved O2 concentration of 5 mg l
1
when they assessed the survival of microbes inoculated to
promote plant growth. Vandenbohede et al. (2008) also
obtained K¼0.4 mg l1 for the O2 concentration of 5 mg
l1 to reproduce their measured aerobic respiration of soil
microbes. Since O2 dissolves in water with the concentra-
tion of 9.3 mg l1 (¼2.9 104 mol l1 at 298.15 K),
when the dissolved O2 equilibrated with the gaseous O2
of the atmospheric level, while the reported half-saturation
constants ranged from 0.064 to 0.77 mg l1, it was implied
that the aerobic respiration rate would drop by half when
the order of gaseous O2 concentration decreased to 0.1 or
even lower, 0.01, of its atmospheric level. Thus, we gave K
in Eq. (7) the values of 0.0021 and 0.021 m3 m3, equal to
0.01 and 0.1 of the atmospheric O2 level in our numerical
simulations.
The boundary conditions for solving Eq. (4) were the
upper ‘‘constant value’’ boundary with the O2 concentration
at the atmospheric level (¼0.21 m3 m3) at the soil surface
and the lower ‘‘zero-ﬂux’’ boundary at the groundwatertion temperature T [1C] and sampling locations.
ngC g1 s1 Location
0.98–6.02 Schefferville, Quebec, Canada
0.21–1.39 Twitchell island, Sacramento, USA
0.30–2.15 Landemarais mire, Renne, France
3.94 Vechtplassen, Utrecht, Netherlands
1.78–3.13 Cochrane, northern Ontario, Canada
I. Iiyama et al. / Soils and Foundations 52 (2012) 49–58 53table. The applied groundwater table levels ranged from 20
to 90 cm in depth. As the initial condition for C(z), the
atmospheric level of the O2 concentration was assigned
across the entire analytical region.Table 3
Parameters in Eqs. (1) and (3) and the values assigned to models-B and -T
in Figs. 1 and 2.
B T
a0 0.10 0.03
n 1.55 1.55
m 2 2
aþy 0.90 0.85
l 0.25 0.45
a0 0.90 0.85
a1 0.27 0.08
hb [cmH2O] 1 33. Results and discussion
3.1. Observed features of the Ds/D0 curves and the SWRCs
Fig. 1 shows the soil gas diffusivity (Ds/D0) curves
plotted against the air-ﬁlled porosity (a). Sub-graphs (a),
(b), and (c) show the Ds/D0 plots obtained from the site-T
samples, the decomposed peat soil samples from the
surface layers at site-B, and the pristine peat samples from
site-B, respectively. The Ds/D0 values for site-T were
consistently larger than those for site-B for a ranging from
0 to 0.36, suggesting that the peat samples from site-T had
less tortuous pore geometry than those from site-B. With
the increase in a in the range of 0%a%0.10, the Ds/D0
curves for the site-T samples departed from the ‘‘near-
zero’’ values earlier than the site-B samples, implying that
the site-T samples had a smaller amount of pores that did
not work for gaseous diffusion.
On the other hand, the site-B samples were more easily
aerated than the site-T samples when they were dewatered,
since the site-T samples had a of no more than 0.36, even
for h¼1000 cmH2O, while the air-ﬁlled pore space
broadened to a of more than 0.55 in the site-B samples.
This implied that the gas diffusivity of the pristine peat
layers at site-B can increase more easily than that in the
peat layer at site-T for the lowering of the groundwater
table, even though the Ds/D0 plots showed relatively low
values for a series of a to the Ds/D0 for site-T. Among the
site-B samples (Fig. 1(b) and (c)), some of the samples
from the decomposed peat layers showed Ds/D0 of more
than 0.15 with a%0.5, while the samples from the pristine
peat reached a Ds/D0 of 0.12 at the maximum, implying
that the gradients of the Ds/D0 curves seemed to be steeper
as the peat soils became more decomposed and paste-like.
This feature suggested that the decomposition of a peat
layer lessens the tortuosity of the pore structural patterns.Fig. 1. The Ds/D0 curves for the (a) Thailand (10 replicates), (b) Bibai, decomp
dotted lines with ‘‘T’’ and ‘‘B’’ denote models-T and -B. The two types of moConsidering these features, we set up two modeled
curves as dotted lines on each sub-graph in Fig. 1, between
which almost all of the measured plots were included. The
two models were labeled as ‘‘T’’ and ‘‘B’’ as the abbrevia-
tions for ‘‘model-T’’ and ‘‘model-B’’, and gave the basis
for the numerical simulations to contrast the differences in
the two physical properties on the depth proﬁle of the O2
concentration C(z). The values of the parameters are listed
on Table 3 and the features of the values obtained will be
mentioned in the next section.
Fig. 2 shows the SWRCs for the three kinds of peat
samples classiﬁed in the same manner as in Fig. 1. In the
ﬁne pores corresponding to the matric potential of less
than 30 cmH2O, the site-T peat soils (Fig. 2(a)) retained
a greater amount of water than the site-B samples
(Fig. 2(b) and (c)), showing the less steep gradients of
the curves. The comparison of the SWRCs in Fig. 2(b) and
(c) suggested that most of the pristine peat samples did not
show a remarkable difference in the shape of the SWRC
except for a few cases in which the y dropped to 0.4,
associated with the lowering of the h to 100 cmH2O.
These exceptions implied that the peat soil decomposition
may increase the amount of ﬁne pores in exchange for the
loss of macropores. The two dotted lines in Fig. 2 were the
modeled SWRCs, which corresponded to model-T and
model-B of the Ds/D0 curves in Fig. 1.Thus, we called the
two sets of Ds/D0 curves and SWRCs model-T and model-
B, respectively. The values of the parameters obtained
through setting up the models with the measured SWRCsosed (12 replicates), and (c) Bibai, pristine (10 replicates) site samples. The
deled curves were based on Eq. (1) with the parameters listed on Table 3.
Fig. 2. The SWRCs for the (a) Thailand (10 replicates), (b) Bibai, decomposed (12 replicates), and (c) Bibai, pristine (10 replicates) site samples. The
dotted lines with ‘‘T’’ and ‘‘B’’ corresponded to models-T and -B proposed in Fig. 1. The two types of modeled curves were based on Eq. (3) with the
parameters listed on Table 3.
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the modeled Ds/D0 curves.
3.2. Parameters assigned to the numerical analyses
Table 3 lists the parameter values inputted into Eqs. (1)
and (3) for reproducing model-T and model–B, deﬁned in
Figs. 1 and 2. The listed values were manually identiﬁed so
that almost all of the measured plots on both ﬁgures were
included in the two modeled curves. As for the Ds/D0
curves, an m of 2 and an n of 1.55 were used for both
model-T and model-B to reduce the number of parameters
that can symbolize the difference in the features of the soil
gas diffusivity. The a0 were 0.1 for model-B and 0.03 for
model-T, reﬂecting the fewer number of ’’dead-end’’ or
’’discontinuous’’ pores in the site-T samples. The higher l
of 0.45 for model-T than the l of 0.25 for model-B
indicated the less tortuous conﬁguration of the air-ﬁlled
pores in the surface layer at site-T than in the pristine peat
layers at site-B.
As for the modeled SWRCs, the difference of 0.90 in
parameter a0 indicated a higher saturated water content
in model-B than in model-T, as shown in Fig. 2. The
parameter a1 of 0.27 in model-B represented a steeper
gradient of the SWRCs for the pristine peat layers at site-B
than the a1 in model-T, namely, 0.08. We determined a1
based on the measured data with h^300 cmH2O, since we
assumed the continuity and the equilibrium of the capillary
water in the peat layers such that the h in the simulated
depth-proﬁle cannot be lower than 300 cmH2O.
For the rest of the parameters necessary to run the
calculation, we used the values on Table 1. We used the
values for ‘‘Thailand’’ for model-T, while we used the values
for the samples from 20- to 60-cm in depth for ‘‘Bibai’’ for
model-B.
3.3. Depth profiles of the O2 consumption rate and O2
concentration
Fig. 3 shows the series of s(z) in Eq. (7) derived from the
steady state solutions for Eq. (4). The corresponding depth
proﬁles for a and y, that were input to obtain the steady state
solutions, were also plotted. Sub-graphs (a) and (b) were theresults of the application of model-T with half-saturation
constant K values of 0.0021 and 0.021 m3 m3. Sub-graphs
(c) and (d) were the results of the application of model-B with
K values of 0.0021 and 0.021 m3 m3. Sub-graphs (e) and (f)
describe the transition of the depth proﬁles of the air-ﬁlled
porosity and the volumetric water content for model-T. Sub-
graphs (g) and (h) were drawn for model-B in the same
manners as shown in (e) and (f) for model-T. The eight
curves on each sub-graph described the transition of the
depth proﬁle with the lowering of the groundwater table
every 10 cm from a depth of 25 to 95 cm.
The comparison of Fig. 3(a) with Fig. 3(c), or Fig. 3(b)
with Fig. 3(d), indicated that the differences in the Ds/D0
curves and the SWRCs remarkably affected the aerobic
depth across which the atmospheric O2 can be delivered.
When model-T was applied with K¼0.0021 m3 m3
(Fig. 3(a)), groundwater table levels lower than 75 cm in
depth caused the values of s to converge to zero even above
the groundwater table levels. The adoption of K¼0.021
m3 m3 (Fig. 3(b)) also resulted in the appearance of the
‘‘zero-s’’ depth range with the groundwater table level of
95 cm in depth. On the contrary, the application of model-
B allowed the O2 to be supplied across the whole
unsaturated peat layer. These results also implied that
the K value did not affect the aerobic depth as much as the
Ds/D0 curves and the SWRCs, mainly because the concept
of Eq. (6) started signiﬁcantly working in Eq. (7) only after
the physical properties made the O2 concentration in the
peat layers low enough to restrict the O2 consumption.
Fig. 4 shows the series of C(z). The labels of the sub-
graphs and the composition of the curves on each sub-graph
correspond to those in Fig. 3. The O2 deﬁciency appeared
above the given groundwater table levels when model-T was
applied. When K¼0.0021 m3 m3 was adopted, the unsatu-
rated anaerobic layer took place when the groundwater table
level was lowered to a depth greater than 75 cm (Fig. 4(a)),
while for K¼0.021 m3 m3 it occurred with groundwater
table levels 95 cm in depth (Fig. 4(b)). These results implied
that the O2 supplied from the surface could be consumed
completely on the way to the groundwater table. If an
unsaturated anaerobic layer occurred at site-T, as predicted,
it could constrain the release of soil carbon stock when the
groundwater was drained.
Fig. 4. The depth proﬁles of the O2 concentration. The labels of the sub-graphs and the eight curves on each sub-graph correspond to those in Fig. 3.
Fig. 3. From (a) to (d) : The depth proﬁles of the O2 consumption rate. The abbreviations T and B on the sub-graphs indicate the kinds of parameter-sets
used in the simulation, namely, models-T and model-B. The abbreviations K0210 and K0021 denote the adopted half-saturation constant K¼0.021 and
0.0021 m3 m3. From (e) to (g) : Sub-graphs (e) and (f) describe the transition of the depth proﬁles of the air-ﬁlled porosity and the volumetric water
content for model-T. Sub-graphs (g) and (h) were drawn for model-B in the same manner as that shown in (e) and (f) for model-T. The eight curves on
each sub-graph are for the groundwater table levels ranging depths of 25 to 95 cm with an interval of 10 cm.
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O2-available layer reached the groundwater table depth
regardless of the groundwater table position and the
O2 concentration decreased no less than 0.12 m
3 m3
(Fig. 4(c) and (d)). These features implied that the peat
layers, represented by model-B, rarely experienced O2
deﬁciency, and thus, were more vulnerable to aerobic
decomposition associated with a drop in the groundwater
table level.
Taken together, our measured ﬁndings and numerical
simulations indicated that the Ds/D0 curves and SWRCscan be essential to deﬁning the aerobic-depth in drained
peat layers, across which the atmospheric O2 can be
delivered, and that unsaturated anaerobic layers can form
with realistic sets of Ds/D0 curves, SWRCs, and ground-
water table levels. These results mean that if the gas
transportability of a soil layer is too low to meet the
possible maximum of the O2 consumption rate, the O2
constraint can occur even above the groundwater table,
which can prevent the peat soil layer from releasing soil
carbon into the atmosphere at its potentially-maximum
rate. Therefore, more attention must be paid to the
Fig. 5. The surface CO2 emission rates were plotted against the ground-
water table levels for the four numerical simulations. The abbreviated
names of the simulations were deﬁned in the same manner as in Fig. 3.
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developing comprehensive biogeochemical carbon models.
In this study, the possible-maximum O2 consumption rate
of ‘‘smax’’ was given uniformly in depth. However, smax has a
lot of unknown characteristics, especially under in situ
conditions. In the present study, smax mingled the effects of
soil temperature, soil moisture, and other factors. While
many past studies have applied temperature-controlled envir-
onments to the peat-soil incubation and have evaluated the
peat soil respiration, few studies have attempted moisture-
controlled experimental schemes (e.g., Kechavarzi et al.,
2010) and almost no studies have tried oxygen-controlled
incubations. Concerning the evidence of the depth proﬁle of
microbial activities, some incubation studies have showed
that aerobic CO2 release rates tended to be more remarkable
in peat soils sampled from top layers than from sub-surface
layers under the same incubation conditions (Francez et al.,
2000; Moore and Dalva, 1997; Bubier et al., 1993). Thus far,
however, it seems difﬁcult to ﬁnd any obvious trends or
concrete mechanisms for the quantitative prediction of the
depth proﬁle of microbial activities. Studying peat soil
decomposition characteristics under moisture- or oxygen-
controlled conditions will give more precise evidence of the
depth-proﬁle of microbial activities.
3.4. Possible surface CO2 emission with groundwater
table lowering
Considering the possible appearance of the unsaturated
anaerobic layer, one should expect that the rate of CO2
emission from the soil surface would not simply gain
proportionally to the lowering of the groundwater table
and that the existing models used to simulate carbon
dynamics in peatlands might have overestimated the
amount of carbon release from reclaimed peatlands, since
most previous studies have assumed the depth of the oxic-
anoxic boundary to lie at the groundwater table level,
while the maximum depth of the aerobic decomposition
must be at the top of the unsaturated anaerobic layer.
Thus, we estimated the total amount of CO2 released from
the entire unsaturated peat layers based on the simulated
depth proﬁles of the O2 consumption rate (Fig. 3).
Fig. 5 shows the simulated increase in the surface CO2
emission rate with the lowering of the groundwater table.
To derive the equivalent surface CO2 emission rate, we
assumed that the O2 consumption would be directly
compatible to CO2 production, and that the O2 consump-
tion rates S(z) in Eq. (7) were vertically integrated from the
groundwater table to the soil surface. In the simulation with
model-T, the annual CO2 emission rate exceeded 45 tC ha
1
for both K¼0.0021 and 0.021 m3 m3 for the groundwater
table level lowered to a depth of 90 cm, two times larger or
more than the emission rates obtained from model-B. The
larger bulk density (Table 1) used in Eq. (7) was the main
cause of the larger CO2 emission rates in model-T. The
increase in the CO2 emission rate became less steep
associated with the emerging unsaturated anaerobic layer.The increase in the simulated CO2 emission rate with model-
T slowed down as the groundwater table levels dropped to
lower than 60 cm in depth for K¼0.0021 m3 m3 and to
lower than 70 cm in depth for K¼0.021 m3 m3. On the
contrary, the simulation results with model-B showed a
monotonous increase in the rate of the CO2 emission for
both K¼0.0021 and K¼0.021 m3 m3.
At site-T, an in situ ‘‘emission ceiling effect’’ could be more
drastic than expected (Fig. 5), if the possible-maximum O2
consumption rate ‘‘smax’’ in Eq. (7) were larger than the value
adopted in this study, since we used the same value of smax
based on the values in the literature observed with incubation
temperatures around 101, while in the tropical region, soil
organic matters would be more intensively decomposed
mainly due to the high temperature conditions with the
positive correlation between soil temperature and soil respira-
tion rate, as past studies have mentioned (e.g., Monteith
et al., 1964). In addition, the reported features of smax were
mainly based on northern peatlands, tropical peat soils have
been examined much less often. Thus, performing studies on
the rates of O2 consumption or CO2 production for tropical
peat soils should be greatly encouraged.4. Conclusions
This study reported the measured features of Ds/D0
curves and SWRCs for two types of peat soils found in
sub-boreal (site-B) and tropical (site-T) peatlands. We also
numerically quantiﬁed the effects of the differences in
Ds/D0 curves and SWRCs on the depth proﬁles of the O2
concentration in unsaturated peat layers, especially on the
development of unsaturated anaerobic layers. For the
numerical simulations, we modiﬁed the Millington-Quirk-
type Ds/D0 model to describe the diffusive transport of soil
O2, while the Monod-type equation was adopted to express
the O2 consumptive behavior in the peat layers.
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consistently larger than the sub-boreal ones for air-ﬁlled
porosity a of less than 0.36, implying that the site-T
samples had less tortuous pore geometry and the fewer
numbers of ‘‘dead-end’’ pores. The difference in the Ds/D0
curves between the decomposed- and the pristine-peat
samples at site-B suggested that the decomposition of a
peat layer may lessen the tortuosity of the pore structure.
Attempts to relate the degree of decomposition of peat
soils with the Ds/D0 curves, including the direct observa-
tion of the pore structures of peat soils with various
degrees of decomposition, are promising lines of work.
The difference in SWRCs indicated that the pristine peat
soils at site-B were more easily drained for a lowered
groundwater table than other peat samples. As a result, the
Ds/D0 values of the pristine peats at site-B could grow
higher than those of the others for the same matric
potential of soil moisture. Since it seemed that the promo-
tion of gas diffusivity and the demotion of aeration would
coincidently progress through the breakdown of the
tortuous pore structure, associated with the decomposition
of peat soil, further studies are required to quantify this
trade-off effect observed in the present study.
Our measured ﬁndings and the numerical simulations
suggested that an unsaturated anaerobic layer can take
place in a drained peat layer with a realistic set of Ds/D0
curve, SWRC, and groundwater table. The numerical
simulations based on the measured Ds/D0 curves and
SWRCs for site-T and site-B were contrasted in terms of
the depth proﬁles of the O2 concentration in unsaturated
peat layers and showed that the two physical properties
can signiﬁcantly affect the development of the unsaturated
anaerobic layer.
The development of the unsaturated anaerobic layer
implied that a ‘‘ceiling’’ of the increase in the surface CO2
emission rate takes place for the lowering of the groundwater
table. This ‘‘emission ceiling effect’’ could be more drastic in
actual tropical ﬁelds if the possible maximum of the O2
consumption were more intense than that assumed in the
simulations in the present study. To conﬁrm this assumption,
it is encouraged to add ﬁndings on the underground respira-
tion factors in tropical peatlands in the global carbon cycle
between the geosphere and the atmosphere.Acknowledgments
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